Diabetic nephropathy (DN) is a serious complication in diabetes. Major typical morphological changes are the result of changes in the extracellular matrix (ECM). Thus, basement membranes are thickened and the glomerular mesangial matrix and the tubulointerstitial space are expanded, due to increased amounts of ECM. One important ECM component, the proteoglycans (PGs), shows a more complex pattern of changes in DN. PGs in basement membranes are decreased but increased in the mesangium and the tubulointerstitial space. The amounts and structures of heparan sulfate chains are changed, and such changes affect levels of growth factors regulating cell proliferation and ECM synthesis, with cell attachment affecting endothelial cells and podocytes. Enzymes modulating heparan sulfate structures, such as heparanase and sulfatases, are implicated in DN. Other enzyme classes also modulate ECM proteins and PGs, such as matrix metalloproteinases (MMPs) and serine proteases, such as plasminogen activator, as well as their corresponding inhibitors. The levels of these enzymes and inhibitors are changed in plasma and in the kidneys in DN. Several growth factors, signaling pathways, and hyperglycemia per se affect ECM synthesis and turnover in DN. Whether ECM components can be used as markers for early kidney changes is an important research topic, whereas at present, the clinical use remains to be established. (J Histochem Cytochem 60:976-986, 2012) 
A key element in diabetic nephropathy (DN) is changes in the extracellular matrix (ECM) of several of the components in the kidney. From a clinical perspective, the changes seen in the ECM are important both in diagnostics and for prognostic and therapeutic purposes. In the current review, we present some of the central clinical issues related to DN, as well as the most relevant changes to the ECM from a diagnostic point of view, and also discuss some of the changes observed in one of the important ECM components, the proteoglycans (PGs). Our aim is not to cover all relevant research in this rather wide field, ranging from clinical trials to studies on microRNA and other important regulators of kidney function, but to focus particularly on some key issues related to PG changes in DN.
Clinical Perspectives on DN
According to estimates from the International Diabetes Federation, the worldwide prevalence of diabetes is estimated to increase from 285 million persons in 2010 to 439 millions in 2030, a relative increase of 50% (Shaw et al. 2010 ). Among patients with type 1 diabetes, the incidence of DN has apparently decreased from 30-35% in the cohorts who developed diabetes 40 to 50 years ago to 10-15% in recent cohorts (Bojestig et al. 1994; Hovind et al. 2003) . However, due to the increase in type 2 diabetes, the absolute prevalence of DN has increased over the past two decades. In 2009, DN was reported to be the cause of 44% of all cases of end-stage renal disease (ESRD) in the United States (www.usrds.org), with an incidence of 155 diabetic patients developing ESRD per million each year. This fact was earlier announced as a "medical catastrophe of world-wide dimensions" (Ritz et al. 977 1999) . Nowadays, a slight decrease has been noted in the number of patients with type 2 diabetes who develop ESRD both in the United States (Burrows et al. 2010) and Europe (Zoccali et al. 2009 ). Although modern treatment of diabetes to some degree may have stabilized the occurrence of DN, the condition is still a leading cause in patients who require dialysis and transplantation in the Western world.
Definitions
Diabetic nephropathy is characterized by a progressive increase in the levels of albuminuria, hypertension, glomerulosclerosis, and an eventual reduction in glomerular filtration rate (GFR), leading to ESRD. Early DN is defined as persistent microalbuminuria measured on at least two different occasions as an albumin excretion rate of 20 to 200 µg/min or 30 to 300 mg/24 hr (Mogensen 1984; Mogensen and Christensen 1984) . Today, most clinical centers would use spot urine measurements of the albumin-to-creatinine ratio to define microalbuminuria: 2.5 to 25 mg/mmol (Europe) or, alternatively, 30 to 300 mg/g (United States) (Mogensen et al. 1995) . Overt DN is defined as albumin excretion beyond the microalbuminuric range, or urinary protein excretion >500 mg/24 hr. DN in type 1 diabetes usually takes more than 5 to 10 years to develop, whereas it may be present already when type 2 diabetes is diagnosed, due to several years of unrecognized hyperglycemia. Diagnostic criteria are summarized in Table 1. DN has identical characteristics in type 1 and type 2 diabetes. On the other hand, a substantial amount of patients may develop kidney disease that does not pertain to diabetes; for example, hypertensive kidney changes (nephrosclerosis) or glomerulonephritis. Most of these patients will not have other signs of microvascular disease (e.g., retinopathy or peripheral neuropathy). However, it has become clear that some patients may develop biopsy-proven diabetic nephropathy even without a concomitant increase in the urinary albumin excretion rate. This has been reported in both type 1 (Lane et al. 1992 ) and type 2 diabetes (MacIsaac et al. 2004) . Of clinical significance is the fact that renal function tends to decline at a faster rate in those with high-grade albuminuria (5%-6%/year) than in those with low-grade albuminuria (1%-2%/year) (Molitch et al. 2010 ).
Treatment and Mechanisms
Diabetic nephropathy develops partly because of changes in glucose metabolism with hyperglycemia and partly because of a genetic predisposition. Hyperglycemia is pivotal for the initiation of the pathological process, in that excess glucose intermediaries enter pathways such as the polyol pathway, lead to the activation of protein kinase C (PKC), and result in the formation of advanced glycation end products (AGEs). The primary injury is believed to take place in the glomerular tuft, disrupting the integrity of the basement membrane and subsequently expanding the mesangial volume, both leading to glomerular leakage of albumin and an eventual decline in renal function. However, it is evident that all components of the kidney are exposed to hyperglycemia, and consequently, changes in tubular and interstitial structures are also seen.
In fact, more than 40 years ago, Schainuck et al. (1970) reported that in different nephropathies, including DN, the fall in the glomerular filtration rate was more closely related to changes in the tubules and the interstitium than to changes in the glomeruli. This was later confirmed by Bohle et al. (1990) in that severe diabetic glomerulosclerosis alone, without significant tubular or interstitial changes, was not associated with increased plasma creatinine concentrations. It has been suggested that increased tubular trafficking of filtrated proteins may be responsible for tubular and interstitial changes taking place in different nephropathies (Nangaku 2004) ; alternatively, peritubular leakage of glomerular filtrate could be a mediating mechanism for tubulointerstitial inflammation and fibrosis (Kriz and LeHir 2005) .
From a therapeutic point of view, this process is prevented by strict metabolic control, keeping the glucose levels as much as possible within the normal day-and nighttime ranges. Successful results for preventing DN with intensive insulin therapy were reported more than 15 years ago among type 1 (The Diabetes Control and Complications Trial Research Group 1993) and type 2 diabetic persons (UK Prospective Diabetes [UKPDS] Group 1998). However, when microalbuminuria develops, blood pressure is usually increased, and with overt nephropathy, hypertension is present in 80% of patients (Tarnow et al. 1994) . The renal activity of the renin-angiotensin-system (RAS) is inappropriately high in DN. Therefore, either angiotensinconverting enzyme (ACE) inhibitors (Lewis et al. 1993) or angiotensin II receptor blockers (Lewis et al. 1993; Brenner et al. 2001 ) are the cornerstones of renoprotective therapy once increased albuminuria has developed. Gross et al. (2005) .
Both hyperglycemia and increased RAS activity induce glomerular hypertension and hyperfiltration, leading to a mechanical stress on the glomerular structures. This works in concert with pathways activated by the hyperglycemic condition and induces increased transcription of transforming growth factor-β1 (TGF-β1) together with decreased action of matrix-degrading metalloproteinases (for a detailed review, see Kanwar et al. 2011) . The net effect is an accumulation of the ECM. Increased fibroblast proliferation with subsequent fibrosis may also be mediated by activation of the serine/threonine kinase mammalian target of rapamycin (mTOR) through hyperglycemia (Lieberthal and Levine 2012) . Inflammatory pathways are also activated, involving chemokines, adhesion molecules, transcription factors (nuclear factor κB), and inflammatory cytokines such as interleukin (IL)-1, IL-6, IL-18, and tumor necrosis factor-α (TNF-α) (Navarro-Gonzalez et al. 2011). Therefore, new approaches to the treatment of DN are currently under investigation (e.g., AGE inhibitors, inhibitors of fibrosis, and protein kinase C inhibitors). However, strict glycemic control and a reduction in the patient's blood pressure, primarily by ACE inhibitors or angiotensin II receptor blockers, are currently the treatments of choice for DN.
The Pathology of DN
In DN, changes in the ECM are noted in the glomerular tuft, the tubulointerstitium, and vessels (Tervaert et al. 2010) . The most prominent ones are presented in Table 2 . In short, increased glomerular basement membrane thickness, both in the glomeruli and in the tubular system, is seen in both type 1 and type 2 diabetes. Furthermore, expansion of the ECM in the mesangium of the glomeruli is prominent. Interstitial fibrosis and tubular atrophy follow glomerular changes.
Inflammation in the interstitium can also be observed, evident through the presence of T cells and macrophages. In more advanced stages of DN, glomerulosclerosis is evident, with a massive accumulation of ECM components in the mesangium at the expense of capillary volume. Moreover, hyaline arteriolosclerosis is often prominent.
Several of these changes can be documented in biopsies obtained from kidneys of patients with DN, as illustrated in Figures 1 and 2 . Thus, typical glomerular changes with mesangial expansion are seen in the light micrograph in Figure 1A . Furthermore, in Figure 1B , both mesangial expansion and global glomerulosclerosis are observed as well as tubulointerstitial and vascular lesions. Here interstitial fibrosis and tubular atrophy are evident. Focal interstitial inflammation is also seen, as well as severe arteriosclerosis in an arteriole. By electron microscopy, more detailed analyses of such biopsies can be performed. The nodular pattern of mesangial expansion is clearly seen ( Fig. 2A) , as well as the thickened basement membrane with a homogeneous electron-dense structure typical for DN ( Fig. 2B ).
Proteoglycans and the Kidney
The major ECM components that are increased in DN are shown in Table 2 . There is also an increase of PGs in the mesangium and the tubulointerstitium, whereas the PG content of the BMs is decreased. The increased amounts can be the result of increased synthesis of each individual component. However, ECMs are dynamic entities with different turnover rates in different tissues. Such turnover is dependent on a well-regulated balance between biosynthesis of each component and the degradation of these to ensure proper tissue dynamics and functions. Degradation of ECM components depends on two major classes of enzymes: the matrix metalloproteinases (MMPs) and serine proteases (Thrailkill et al. 2007 ). Furthermore, these enzymes are tightly regulated by tissue inhibitors of metalloproteinases (TIMPs), of which there are four types, TIMP1-4, and serine protease inhibitors. The latter group comprises a wide range of inhibitors, and many of these are detectable in the circulation. In relation to studies on ECM turnover, major focus has been placed on plasminogen activator inhibitor-1 (PAI-1). With hyperglycemia, there is increased generation of AGEs, and both plasma and ECM proteins are affected (Goh and Cooper 2008) . Collagen IV in BM can be glycated, which leads to increased protease resistance, contributing to the thickening of glomeruli BM. In diabetic in rats treated with AGE inhibitors, AGE accumulation in glomeruli and tubules is reduced, as is microalbuminuria (Figarola et al. 2005) . The use of such inhibitors in humans is still debated (Turgut and Bolton 2010) .
With regard to PGs, the expression patterns differ in DN, depending on the type of PG and the part of the kidney where they are predominantly expressed. The major PGs in the BM are perlecan, collagen XVIII, and agrin, all of which show decreased concentration in DN. All these three PGs carry heparan sulfate (HS) chains (Raats et al. 2000) . In the mesangium and the connective tissue of the tubulointerstitial space in DN, there is increased expression of the collagenbinding PGs decorin and biglycan, which both belong to the small leucine-rich repeat family of PGs, named SLRPs. Both SLRPs are substituted with chondroitin/dermatan sulfate (CS/DS) chains. There are also changes to the HSPGs in the mesangium (Wijnhoven et al. 2006) .
Both BM and connective tissue PGs are expressed and secreted from endothelial cells, podocytes, mesangial cells, and tubular epithelial cells after completed biosynthesis. The regulation of PG biosynthesis in the kidneys is complex and depends on cell type, cellular signaling, and differences in the functions of BM PGs and the connective tissue PGs in the mesangium and tubulointerstitial space. Major focus has been on the HSPGs in the BM (Iozzo 2005) and, in particular, on their importance for glomerular filtration. A decrease in the concentration of such PGs and in the level and/or sulfation of their HS chains are regarded as important factors contributing to a decrease in filtration capacity. The highly negatively charged glycosaminoglycan (GAG) chains are a major contributor to the net negative charge in the BM, preventing negatively charged serum proteins, such as albumin, from passing from the bloodstream to the urinary space. A series of studies have addressed this issue (e.g., in experimental animal models and in studies of human kidney biopsies). Removal or inactivation of kidney HS has been demonstrated to induce proteinuria in several studies (van den Born et al. 1992; Raats et al. 2000) . However, the generation of mice with a deleted version of podocyte-expressed agrin did not result in proteinuria (Harvey et al. 2007 ). Also, the use of the endoglucuronidase heparanase in experimental mouse systems, which leads to the generation of soluble HS oligosaccharides, did not lead to proteinuria, whereas treatment with neuraminidase, an enzyme that cleaves off terminal sialic acid residues on glycoproteins present on the cell surface and in the ECM, did indeed result in proteinuria (Wijnhoven, Lensen, Wismans, et al. 2007 ). Furthermore, in streptozotocin-induced diabetic mice, no decrease in the sulfation of liver heparan sulfate was found (Bishop et al. 2010) . Also, using a panel of HS antibodies, no sulfation changes were detected in the glomeruli of diabetic rat renal tissue (van den Born et al. 2006) .The issue of the importance of HS as a filtration barrier in the kidney is debated (Kanwar et al. 2007; Harvey and Miner 2008) . In addition to the BM, the endothelial cell layer with the glycocalyx facing the bloodstream, other negatively charged ECM molecules than PGs, and the podocytes, with their associated slit diaphragms, all represent parts of a barrier system in the kidneys (Kanwar et al. 2007; Kanwar et al. 2011; Miner 2012) . Early work suggested that low-dose heparin could reduce proteinuria in patients with type 1 diabetes (Myrup et al. 1995) . Furthermore, the use of GAG-based drugs, such as sulodexide, has been shown to have antiproteinuric effects . Clinical trials will reveal if such an approach will have protective effects in DN . It is quite evident from several studies that the function of HS in the BM is not only a question of stabilizing a filtration barrier. Several other aspects of the functions of PGs carrying HS chains need to be considered when discussing their relevance in the development of microalbuminuria, DN, and finally diabetic ESRD. This also has to be taken into consideration when evaluating the role of the other major class of PGs, the SLRPs, in the development of DN.
HS Changes in DN
Much focus on HSPGs in the kidney has been on the filtration properties. In patients with diabetes, elevated levels of heparanase in the plasma have been demonstrated. Furthermore, staining of biopsies from patients with type 1 diabetes showed changes in the sulfation patterns of HS compared with controls (Wijnhoven et al. 2006) , and another study supported such changes and also showed increased levels of heparanase in human kidney sections (Wijnhoven et al. 2008) . This was also found in mice and rats with experimental DN (van den . These data suggest that heparanase may play a role in modifying HS structures in glomeruli, which might contribute to the development of DN. Studies on heparanase knockout mice have demonstrated that this enzyme is essential for the development of DN, as deletion of the gene protected mice from developing the lesions. Furthermore, in streptozotocin-induced diabetic mice, the heparanase inhibitor SST0001, which is modified heparin, decreased albumin secretion significantly and inhibited the increase in serum creatinine seen in the diabetic mice (Gil et al. 2012) . Future studies will show if targeting heparanase to prevent the development of DN will be a useful treatment option.
Another family of enzymes that has attracted attention recently is the sulfatases. These enzymes also modify HS posttranslationally in a dynamic fashion, depending on stimuli. The 6-O-sulfatase has been the focus of several studies (Gorsi and Stringer 2007) , some also related to diabetes. This enzyme removes sulfate groups from position 6 on the glucosamine entities in the repeating disaccharide units of HS. Mice with a deleted version of Sulf 1 and 2 developed proteinuria (Schumacher et al. 2011 ). Furthermore, both glomerular endothelial cells and podocytes were affected. Support for the importance of these sulfatases for the development of proteinuria is found in children with Wilms tumor. The transcription factor Wilms tumor gene 1 (WT1) regulates the expression level of the 6-O-sulfatase, and children with this tumor also have a kidney phenotype similar to the knockout mice (Schumacher et al. 2011) . Finally, an important aspect addressed in the study was the interaction of HS with growth factors in kidney disease. Vascular endothelial growth factor-A (VEGF-A) and fibroblast growth factor-2 (FGF-2) signaling were affected by the lack of 6-O-sulfate groups in HS, highlighting novel functions of HS in the kidney other than those implicated in glomerular and tubular filtration and reabsorption.
HS interacts, both in the matrix and in cellular signaling, through collaboration with both growths factors, such as FGF-2, and their receptors (Esko and Selleck 2002; Manon-Jensen et al. 2010 ). Furthermore, cell adhesion is also dependent on cell surface HS (Xian et al. 2010) . Cell surface HSPGs have been reviewed by others (Alexopoulou et al. 2007; Filmus et al. 2008; Manon-Jensen et al. 2010; Fico et al. 2011 ), but the implications of cell surface HS in kidney endothelial and epithelial cells have not been addressed to a large extent in DN. Endothelial dysfunction and loss of podocytes in DN may involve cell surface HSPGs in the syndecan and glypican families. A few studies have addressed syndecan-1 in serum as a possible marker for kidney changes in diabetes. Patients with type 1 diabetes and microalbuminuria showed higher levels of syndecan-1 in serum than patients without microalbuminuria and controls (Svennevig et al. 2006 ). Shedding of syndecan-1 may be regarded as a protective mechanism during heart surgery (Rehm et al. 2007; Svennevig et al. 2008) , infections (Park et al. 2000) , and possibly also in diabetes. Only a limited number of studies have addressed syndecan shedding in diabetes (Wang J-B et al. 2009 ).
Glycocalyx and DN
The possible increase in syndecan-1 in relation to kidney complications in diabetes may be the result of changes in the endothelial glycocalyx (Salmon and Satchell 2012) , the protective coat on the apical membrane of endothelial cells. This coat contains cell surface PGs, associated GAGs, and serum components, and may be regarded as a specialized ECM and having a role in, for example, vascular permeability, adhesion of immune cells, ischemia-reperfusion injuries, and diabetic microalbuminuria (Salmon and Satchell 2012) . The demonstrated shedding of syndecan-1 in patients with microalbuminuria (Svennevig et al. 2006 ) may be a marker for changes in endothelial glycocalyx and functions. Interestingly, the glycocalyx of the glomerular endothelial cells has been shown to be important for filtration in the kidneys. Removing this layer experimentally in rat kidneys resulted in proteinuria. Identification of proteins in this glycocalyx by mass spectrometry (MS) analysis showed that orosomucoid and lumican were two of the components (Friden et al. 2011 ). If there is a decrease in the glycocalyx in the glomerular capillaries, this may affect filtration properties and possibly contribute to increased leakage of serum proteins. Further research should provide us with new insight into the possible role of the glycocalyx in DN. Implications of HS changes for different processes are presented in Table 3 .
MMPs and DN
MMPs have been linked to kidney changes in DN, and several MMPs are increased in plasma and urine from patients with diabetes (Tan and Liu 2012) . Increased levels of both MMP-2 and MMP-9 have been demonstrated in serum from patients with type 1 diabetes (Gharagozlian et al. 2009 ), and the level of urine MMP-9 was correlated with the degree of albuminuria (Tashiro et al. 2004; Thompson et al. 2011) . The regulation of MMP activities is complex and depends on a balance with inhibitors in the TIMP family. Whether MMPs and TIMPs may serve as useful markers for DN is still a matter of debate (Tan and Liu 2012) . However, these enzymes are potent modulators of ECM turnover and also of shedding of syndecans (Manon-Jensen et al. 2010) , and further studies on their possible involvement in DN are warranted. In an attempt to study the relationship between MMPs in serum and ECM changes in diabetes, serum and kidney tissue from the db/ db and db + mice strains were compared. Higher gelatinase activities were detected in serum from the diabetic mice, but these were found to be serine proteases and not MMPs. In contrast, extracts from kidney tissue from db/db mice showed decreased MMP-9 activity compared with tissue from control db + mice (Hadler-Olsen et al. 2011 ). This study suggests that local changes in ECM turnover are not necessarily translated into similar changes in the circulation. The possible connection between these two classes of proteases in relation to DN should be studied further in mouse models of diabetes and in clinical studies.
CS/DS Changes in DN
The SLRPs decorin and biglycan carry CS/DS chains. A major finding in DN is the increase in the mesangial matrix and the tubulointerstitial matrix concomitant with increased amounts of both these PGs (Schaefer et al. 2001 ). These increases are in parallel with an increase in the content of collagen I and III in the same locations (Stokes et al. 2000) . Furthermore, biglycan was found to accumulate in glomeruli of diabetic mice fed a high cholesterol diet and to co-localize with apolipoprotein B, suggesting that renal biglycan con- Filtration in glomeruli and reabsorption in tubuli Regulation of growth factor activities, such as transforming growth factor-β (TGF-β) and fibroblast growth factor-2 (FGF-2) Proper assembly of basement membrane and interactions with other extracellular matrix components Adhesion of endothelial and epithelial cells to basement membranes Shedding of syndecans from endothelial cells Protection of endothelial cells through the glycocalyx layer Regulation of inflammation through changes in adhesion and regulation of inflammatory cells tributes to diabetic nephropathy (Thompson et al. 2011) . The transmembrane CSPG NG2 has also been shown to increase in the mesangium, Bowman's capsule, and interstitial vessels in diabetic rats (Xiong et al. 2007 ). In diabetic nephropathy in mice, it has been shown that mesangial cells can transdifferentiate to cells expressing chondrocyte markers. Such changes could contribute to the development of mesangial sclerotic lesions (Kishi et al. 2011) . A limited number of studies have addressed changes in CS/DS structures in the diabetic kidney. One recent study demonstrated decreased CS/DS content in diabetic kidneys compared with controls and a decrease in the content of the highly sulfated CS-E (with sulfate groups in positions 4 and 6 on the galactosamine units) (Joladarashi et al. 2011) . Such a decrease in CS sulfation may affect interactions with other ECM components and growth factors.
However, the presence of CS/DS in glomerular BM has also been addressed in the WBN/Kob rat model of chronic pancreatitis and late-onset diabetes. The BM of kidney sections was analyzed by electron microscopy after immunogold labeling with antibodies against HS and CS. A decrease in HS labeling in the BM was observed over time (2-19 months), whereas CS labeling increased from 2 to 10 months, after which it decreased at 19 months to the level found at 2 months (Karasawa et al. 1997) . It has also been demonstrated that CSPG in BM is increased in diabetes, and it was noted that the CSPG increase was in those parts of the BM with increased thickness (McCarthy et al. 1994) . Both these studies suggest that CS changes in the BM may be an early marker for kidney changes.
The major part of GAGs in the adult kidney is HS, but the content of CS can be up to 75% in the embryonic kidney (Steer et al. 2004) . Connective tissue repair and inflammation often mimic embryonic events, and further studies on CS in DN and in other kidney conditions would therefore be of interest. The presence of CSPG in glomerular BM (Couchman et al. 1993 ) deserves more attention, particularly in light of the debated importance of HSPGs as a filtration barrier in the BM in DN (Kanwar et al. 2007; Harvey and Miner 2008) .
The glycocalyx is an important barrier on the apical side of the endothelial cells. In vivo studies on mice and in perfused kidneys have demonstrated that CS/DS and hyaluronic acid are important components of this glycocalyx. Removing these components with specific enzymes increased the GFR (Jeansson and Haraldsson 2003) , supporting the notion that the glycocalyx is a part of the charge barrier in glomerular filtration and that CS/DS and hyaluronic acid are also important for kidney filtration.
ECM Changes and Signaling
The most potent stimulator of ECM accumulation in the kidney is TGF-β (Yamamoto et al. 1993 ). It has been widely studied and reviewed, and earlier it was suggested to be a potential target for treatment (Border and Noble 1998) . Studies with mouse models of diabetes using antibodies against TGF-β showed prevention of mesangial matrix accumulation (Ziyadeh et al. 2000) . It remains to be demonstrated that this therapeutic approach is feasible in humans with DN. Another kidney pro-fibrotic factor is connective tissue growth factor (CTGF), also referred to as CCN-2 (Mason 2009 ). This factor has many of the same effects as TGF-β, and elevated levels of CTGF in plasma are correlated to ESRD in DN (Nguyen et al. 2008) . The upregulation of these pro-fibrotic signaling molecules has been widely reviewed elsewhere (see, e.g., Kanwar et al. 2011) .
Most of the kidney changes in DN are closely linked to hyperglycemia, which, if poorly controlled, will lead to a series of changes in cellular signaling, both systemically and locally in the kidney. Studies on renal biopsies in type 1 diabetes patients undergoing two different treatment regimes during 3 years showed that the group with HbA1c at 8.1 developed a much smaller increase in their BM (56 nm) compared with the group with an HbA1c value of 10.1 (140 nm) at the end of the study (Bangstad et al. 1994) .
Hyperglycemia leads to the generation of AGEs (Busch et al. 2010) , reactive oxygen species, increased flux through the hexosamine pathway, and activation of PKC (Brownlee 2005) . It may also increase the secretion of renin from the kidney, leading to generation of angiotensin II and ultimately resulting in increased systemic blood pressure (Kanwar et al. 2011 ). All of these pathways can be modified through tight blood glucose regulation (Brownlee 2005) . In addition, the role of inflammatory molecules in the development of DN is receiving increased attention, and several of the signaling molecules involved also regulate cell adhesion and ECM turnover (Navarro-Gonzalez et al. 2011 ). Activation of monocytes and an increase in apoptosis can also be the result of signaling pathways upregulated by hyperglycemia where intracellular accumulation of hyaluronan may play a part (Wang A and Hascall 2009 ). Whether ECM markers may be used for early detection of kidney complications is still a matter of debate. Several changes in levels of such markers have been shown to correlate to microalbuminuria. ECM markers are not in standard clinical use but are used in clinical trials and in experimental animal studies. Such studies are continuously throwing new light on the complexity of DN development and, it is hoped, will provide us with new tools in the future for early detection of kidney complications in patients with type 1 and type 2 diabetes.
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